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POSITIVE ACTIVE MATERIAL FOR
RECHARGEABLE LITHIUM BATTERY,
METHOD OF PREPARING SAME, AND
RECHARGEABLE LITHIUM BATTERY

INCLUDING THE SAMLEL

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of

Korean Patent Application No. 10-2013-0145667, filed 1n
the Korean Intellectual Property Office on Nov. 27, 2013, the
entire content of which 1s incorporated herein by reference.

BACKGROUND

1. Field

Aspects of embodiments of the present disclosure are
directed toward a positive active material for a rechargeable
lithium battery, a method of preparing the same, and a
rechargeable lithium battery including the same.

2. Description of the Related Art

A rechargeable lithium battery has drawn attention as a
power source for small, portable electronic devices. The
rechargeable lithium battery includes an organic electrolyte
solution and has a high discharge voltage that 1s two times
or more greater than that of a conventional battery that
includes an alkali aqueous solution. Accordingly, such a
battery has a high energy density.

Such a rechargeable lithium battery can be manufactured
by 1njecting an electrolyte mto an electrode assembly, which
includes a positive electrode including a positive active
material capable of intercalating/deintercalating lithium ions
and a negative electrode including a negative active material
capable of intercalating/deintercalating lithium 1ons.

Although [1CoO, 1s widely used as a positive active
material, other materials are actively being researched as
replacements tor [1CoO, due to the limits of capacity and
safety problems thereof.

For example, because [.1CoQO, has stable electrochemical
characteristics, LiN1O, has a high capacity, and LiMnQO, has
excellent thermal stability and low price, a Co—Ni—Mn
ternary lithium metal composite oxide has been investigated
in an eflort to combine the foregoing merits.

However, although the foregoing ternary lithium metal
composite oxide has a high capacity, it has problems with
respect to thermal safety and cycle-life characteristics.

SUMMARY

One aspect according to an embodiment 1s directed
toward providing a positive active material for a recharge-
able lithium battery having high capacity and improved
thermal safety and cycle-life characteristics.

Another aspect according to an embodiment 1s directed
toward providing a method of preparing the positive active
maternal for a rechargeable lithium battery.

Yet another aspect according to an embodiment 1s directed
toward providing a rechargeable lithtum battery including
the positive active material for a rechargeable lithium bat-
tery.

According to one embodiment, a positive active material
for a rechargeable lithtum battery 1includes a core including
at least one selected from a nickel-based composite oxide
represented by the following Chemical Formula 1 or a
lithium manganese oxide represented by the following
Chemical Formula 2; and a coating layer on a surface of the
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2

core and 1ncluding a lithium metal oxide represented by the
following Chemical Formula 3, where the positive active
material has a peak at a 20 value of about 19° to about 22°

and another peak at a 20 value of about 40° to about 45° 1n

an X-ray diffraction pattern using a CuKa ray.
LiNL,Co,Mn, , O, Chemical For-
mula 1
In the above Chemical Formula 1, 0.1=x<0.8, and
0.1=y=0.8.
Li,Mn,O. Chemical For-
mula 2
In the above Chemical Formula 2, 1=a=<2, 1=b<2, and
2=c=4.

Chemical For-
mula 3

1i,MO,

In the above Chemical Formula 3, M 1s at least one
tetravalent element selected from Zr or Ti.

The positive active material may have an intensity ratio of
the peak at a 20 value of about 19° to about 22° to the other
peak at a 20 value of about 40° to about 45° of about 2.0 to
about 3.0. The positive active material may have an intensity
ratio of the peak at a 20 value of about 19° to about 22° to
the other peak at a 20 value of about 40° to about 45° of
about 2.0 to about 2.3.

The positive active material may include about 90 wt %
to about 99.9 wt % of the core and about 0.1 wt % to about
10 wt % of the coating layer.

According to another embodiment, a method of preparing
a positive active material for a rechargeable lithium battery
includes: mixing at least one core maternal selected from a
nickel-based composite oxide represented by the above
Chemical Formula 1 or a lithhum manganese oxide repre-
sented by the above Chemical Formula 2 and a solution
including a salt including at least one tetravalent element
selected from Zr or Ti to form a mixture; and heat-treating
the mixture to coat a surface of the core material with a
lithium metal oxide represented by the above Chemical
Formula 3.

According to yet another embodiment, a method of pre-
paring a positive active material for a rechargeable lithium
battery includes: mixing a salt including at least one tet-
ravalent element selected from Zr or T1 and a first solvent to
form a salt solution; mixing chelating agent and a second
solvent to form a chelating agent solution; mixing the salt
solution and the chelating agent solution to form a first
mixed solution; mixing the first mixed solution and a
homogenizer to form a second mixed solution; mixing at
least one core matenal selected from a nickel-based com-
posite oxide represented by the above Chemical Formula 1
or a lithium manganese oxide represented by the above
Chemical Formula 2 and the second mixed solution to form
a mixture; and heat-treating the mixture to coat a surface of
the core material with a lithium metal oxide represented by
the above Chemical Formula 3.

The salt including the tetravalent element may include at
least one selected from ZrO(NO,),.rH,O(0O=r<5),

/r(NO,),.5H,0, Zr(SO,),, or Zr(S0,),.4H,0.
The salt 111c1ud111g the tetravalent elemen‘[ may be present
in the salt solution 1n an amount of about 0.001 parts by mole
to about 10 parts by mole based on 100 parts by mole of the
core material.

The solution (e.g., the salt solution) including the salt
including the tetravalent element may be an aqueous solu-
tion or an alcohol solution.
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The first solvent and second solvent may each indepen-
dently include water, alcohol, or a combination thereof.

The heat-treating may be performed at a temperature of
about 350° C. to about 1000° C.

The heat-treating may be performed under an air atmo-
sphere or an oxygen atmosphere.

Another embodiment provides a rechargeable lithium
battery including a positive electrode including the positive
active material; a negative electrode; and an electrolyte.

Other embodiments are included 1n the following detailed
description.

A rechargeable lithium battery having high capacity, and
improved thermal safety and cycle-life characteristics may
be realized.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, together with the specifi-
cation, illustrate embodiments of the present disclosure, and,
together with the description, serve to explain the principles
of the present disclosure.

FIG. 1 1s a schematic perspective view ol a rechargeable
lithium battery according to one embodiment.

FIG. 2 1s a graph showing X-ray diffraction analysis
(XRD) of positive active materials according to Examples 1
to 4.

FIG. 3 1s a graph showing DSC (differential scanming
calorimetry) curves of positive active materials according to
Examples 1, 5 and 6 and Comparative Examples 1 to 3.

FIG. 4 1s a series of transmission electron microscope
(TEM) photographs showing the positive active material
according to Example 3.

FIG. 5 1s a graph showing cycle-life characteristics of
rechargeable lithium battery cells according to Examples 1,
5, and 6 and Comparative Example 1.

FIG. 6 1s a graph showing cycle-life characteristics of
rechargeable lithium battery cells according to Example 7
and Comparative Example 3.

DETAILED DESCRIPTION

Hereinafter, certain embodiments are shown and
described, by way of illustration. However, these embodi-
ments are exemplary, and this disclosure i1s not limited

thereto. As those skilled in the art would recognize, the

invention may be embodied 1n many different forms. Also,
in the context of the present application, when a first element
1s referred to as being “on” a second element, 1t can be
directly on the second element or be indirectly on the second

clement with one or more intervening elements interposed
therebetween. Like reference numerals designate like ele-
ments throughout the specification.

A positive active material for a rechargeable lithium
battery according to one embodiment 1includes a core and a
coating layer at (e.g., positioned at) a surface of the core. The
core may include at least one selected from a nickel-based
composite oxide represented by the following Chemical
Formula 1 or a lithtum manganese oxide represented by the
following Chemical Formula 2. The coating layer may
include a lithium metal oxide represented by the following
Chemical Formula 3.

Chemical For-
mula 1

LiINi, Co Mn, O
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4
In the above Chemical Formula 1, 0.1=x<0.8, and
0.1=y=0.8.
L1, Mn,O_ Chemical For-

mula 2

In the above Chemical Formula 2, 1=a<2, 1=b<2, and
2=c=4.

Li1,MO; Chemical For-

mula 3

In the above Chemical Formula 3, M 1s at least one
tetravalent element selected from Zr or Ti.

When the nickel-based composite oxide represented by
the above Chemical Formula 1 1s included in a core, a

Co—Ni1—Mn three component-based oxide having high
capacity may be obtained. In some embodiments, the lithium
metal oxide represented by the above Chemical Formula 3
1s coated on the surface of the foregoing three component-
based oxide (e.g., on the surface of the core including the
nickel-based composite oxide represented by the above
Chemical Formula 1). The coated three component-based
oxide may be included in a rechargeable lithium battery to
achieve excellent thermal safety and cycle-life characteris-
tics, as well as high capacity.

When a lithium manganese oxide represented by the
above Chemical Formula 2 1s included in a core, high
performance may be obtained. In some embodiments, the
lithium metal oxide represented by the above Chemical
Formula 3 1s coated on a surface of the lithium manganese
oxide (e.g., on the surface of the core including the lithium
manganese oxide represented by the above Chemical For-
mula 2). The coated lithium manganese oxide may be
included 1n a rechargeable lithium battery to achieve excel-
lent thermal safety and cycle-life characteristics, as well as
high capacity.

The core may include the nickel-based composite oxide
and the lIithium manganese oxide together, but the present
disclosure 1s not limited thereto. Herein, the core 1s coated
with the lithum metal oxide represented by the above
Chemical Formula 3 on the surface of the core and thus, may
improve storage characteristics, thermal safety, and cycle-
life characteristics of a rechargeable lithium battery.

The positive active material having the core coated with
the lithium metal oxide represented by the above Chemical
Formula 3 on the surface may have a peak at a 20 value of
about 19° to about 22° and another peak at a 20 of about 40°
to about 45° 1n a XRD pattern using a CuKa ray. For
example, the peak may be at a 20 value of about 20° to about
21° and the other peak may be at a 20 value of about 42° to
about 43°. The peaks at the respective 20 values indicate (or
show) that a phase of the lithium metal oxide represented by
the above Chemical Formula 3 is present, and the XRD
pattern corresponds to (or shows) a structure in which the
lithium metal oxide 1s coated on the surface of the core.
When the lithium metal oxide 1s coated on the surface of the
core, a rechargeable lithrum battery having high capacity
and excellent thermal safety and cycle-life characteristics
may be realized.

In some embodiments, a positive active material obtained
by coating the lithium metal oxide represented by the above
Chemical Formula 3 on the surface of the core may have an
intensity ratio of the peak at a 20 value of about 19° to about
22° to the other peak at a 20 value of about 40° to 45° of
about 2.0 to about 3.0 and, for example, about 2.0 to about
2.5. When the positive active material has a peak intensity
ratio according to either of the foregoing ranges, a recharge-
able lithium battery having high capacity and excellent
thermal safety and cycle-life characteristic may be realized.

The positive active material may include about 90 wt %
to about 99.9 wt % of the core and about 0.1 wt % to about
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10 wt % of the coating layer, and specifically about 95 wt %
to about 99 wt % of the core and about 1 wt % to about 3
wt % of the coating layer. When a rechargeable lithium
battery includes a positive active material having a compo-
sition according to any of the foregoing ranges, the recharge-
able lithium battery may have high capacity and excellent
thermal safety and cycle-life characteristics.

The positive active material may be prepared according to
the two following methods.

A first method 1ncludes adding at least one core material
selected from a nickel-based composite oxide represented by
the above Chemical Formula 1 or a lithium manganese oxide
represented by the above Chemical Formula 2 to a solution
including a salt including at least one tetravalent element
selected from Zr or Ti to obtain a mixture, and then
heat-treating the mixture to coat the surface of the core
material with the lithium metal oxide represented by the
above Chemical Formula 3.

A second method includes a sol-gel method using (uti-
lizing) a salt including at least one tetravalent element
selected from Zr or Ti. In some embodiments, the method
includes coating a surface of at least one core material
selected from a nickel-based composite oxide represented by
the above Chemical Formula 1 or a lithium manganese oxide
represented by the above Chemical Formula 2 with the
tetravalent element, and then heat-treating the core matenal
coated with the tetravalent element to coat the surface of the
core material with the lithium metal oxide represented by the
above Chemical Formula 3.

For example, the second method may be illustrated as
follows, but the present disclosure 1s not limited thereto.

A salt solution 1s obtained by mixing a salt including at
least one tetravalent element selected from Zr or 11 and a
first solvent to form a mixture, and agitating the mixture at
room temperature. In addition, a chelating agent solution 1s
obtained by mixing a chelating agent and a second solvent
to form a mixture and agitating the mixture. Herein, the first
and second solvents may each be at least one selected from
water or alcohol. The alcohol may be methanol, ethanol,
propanol, butanol, or a combination thereof. In addition, a
ratio of moles of the citric acid to moles of the salt including,
the tetravalent element may be about 0.5 to 5. The salt
solution 1s mixed with the chelating agent solution to form
a mixture, and the mixture 1s agitated for about 10 minutes
to about 30 minutes to obtain a first mixed solution. The first
mixed solution 1s mixed with a homogenizer to obtain a
second mixed solution. The mixing with the homogeniezer
may be performed for 5 minutes to 30 minutes, and the
amount of the homogenizer may be 0.5 time to 5 times based
on the moles of an 1on of the tetravalent element.

The chelating agent 1s a material forming a chelating
compound by coordinating a metal 1on, and may be citric
acid, EDTA (ethylenediamine tetraacetic acid), EGTA (eth-
ylene glycol tetraacetic acid), ethylene diamine, auxine, or
o-phenanthroline. The homogenizer polymerizes with the
chelating agent during a heat-treatment, thereby preventing
agglomeration of metal 1ons chelated. An example of the
homogenizer may include polyols such as ethylene glycol.

At least one core material selected from a nickel-based
composite oxide represented by the above Chemical For-
mula 1 or a lithium manganese oxide represented by the
above Chemical Formula 2 are added to the second mixed
solution to form a mixture, and the obtained mixture 1s
agitated at a temperature greater than or equal to about 80°
C., for example, a temperature of 80° C. to 100° C., until
moisture of the resultant mixture 1s completely (or substan-
tially completely) evaporated. The resultant mixture 1s heat-
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6

treated to obtain a positive active material including the core
material and the lithum metal oxide represented by the
above Chemical Formula 3 coated on the surface of the core
material.

The salt including the tetravalent element may include at

least one selected from ZrO(NO,),.rH,O(0O=r<5),
/r(NO,),.5H,0, Zr(SO,),, or Zr(S0O,),.4H,0.

The salt including the tetravalent element may be
included 1n the salt solution 1n an amount of about 0.001 part
by mole to about 10 parts by mole, and, for example, about
1 part by mole to about 5 parts by mole based on 100 parts
by mole of the core material. When the salt including a
tetravalent element 1s included within either of the foregoing
ranges, capacity, thermal stability, and cycle-life character-
1stics may be improved.

The salt solution including the salt including the tetrava-
lent element may be an aqueous solution or an alcohol
solution. The alcohol solution may include a solvent 1includ-
ing a C1 to C5 alkanol.

The heat-treating may be performed at a temperature of
about 350° C. to about 1000° C., and, for example, about
600° C. to about 800° C., for about 5 hours to about 10
hours. The heat-treating may be performed under an air
atmosphere or an oxygen atmosphere. When the heat-treat-
ment 1s performed within the either of the foregoing tem-
perature ranges, a product including the core material coated
with the lithium metal oxide represented by the above
Chemical Formula 3 on the surface may be obtained.
Accordingly, a rechargeable lithium battery having high
capacity and excellent thermal safety and cycle-life charac-
teristic may be realized.

Heremnaiter, a rechargeable lithium battery including the
positive active material 1s 1llustrated with reference to FIG.
1.

FIG. 1 1s a schematic perspective view showing the
rechargeable lithtum battery according to one embodiment.

Referring to FIG. 1, a rechargeable lithium battery 100
according to one embodiment includes a positive electrode
114, a negative electrode 112 facing the positive electrode
114, a separator 113 between the negative electrode 112 and
the positive electrode 114, an electrolyte impregnating the
separator 113, a battery case 120, and a sealing member 140
sealing the battery case 120.

In some embodiments, the positive electrode 114 includes
a current collector, and a positive active material composi-
tion on the current collector. The positive active material
layer includes a positive active material, a binder, and,
optionally, a conductive material.

The current collector may include Al, but the current
collector 1s not limited thereto.

The positive active material 1s the same as described
above. When the positive active material 1s used, generation
of oxygen gas during charge and discharge, and a reaction of
the positive active material with an electrolyte may be
suppressed (or reduced) and thus, a rechargeable lithium
battery having high electrical conductivity and excellent
thermal stability and performance may be realized.

The binder improves binding properties of positive active
material particles with one another and with a current
collector and examples of the binder may include polyvinyl
alcohol, carboxylmethyl cellulose, hydroxypropyl cellulose,
diacetyl cellulose, polyvinylchloride, carboxylated polyvi-
nylchloride, polyvinylfluoride, an ethylene oxide-containing
polymer, polyvinylpyrrolidone, polyurethane, polytetratluo-

roethylene, polyvinylidene fluoride, polyethylene, polypro-
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pylene, a styrene-butadiene rubber, an acrylated styrene-
butadiene rubber, an epoxy resin, nylon, and the like, but the
binder 1s not limited thereto.

The conductive maternial improves conductivity of an
clectrode. Any suitable electrically conductive material may
be used as a conductive material, unless 1t causes a chemical
change in the rechargeable lithium battery. Examples thereof
may 1nclude one or more of natural graphite, artificial
graphite, carbon black, acetylene black, ketjen black, a
carbon fiber, a metal powder, a metal fiber, and the like of
copper, nickel, aluminum, silver, and the like, a conductive
material such as a polyphenylene derivative and the like, but
the conductive material 1s not limited thereto.

The negative electrode 112 includes a negative current
collector and a negative active material composition on the
negative current collector.

The negative current collector may include a copper foil,
but the negative current collector 1s not limited thereto.

The negative active material composition may include a
negative active material, a binder, and, optionally, a con-
ductive material.

The negative active material may include a matenal that
reversibly intercalates/deintercalates lithium 1ons, a lithium
metal, a lithium metal alloy, a material capable of doping/
dedoping lithium, a transition metal oxide, or a combination
thereof.

The material that reversibly intercalates/deintercalates
lithium 10ons may be a carbon material. The carbon material
may be any suitable carbon-based negative active material
generally used in a lithium 1on rechargeable battery.
Examples of the carbon material include crystalline carbon,
amorphous carbon, and mixtures thereof, but the carbon
material 1s not limited thereto. The crystalline carbon may be
non-shaped, or sheet, tlake, spherical, or fiber shaped natural
graphite or artificial graphite. The amorphous carbon may be
a soft carbon, a hard carbon, a mesophase pitch carbonized
product, fired coke, and the like.

Examples of the lithium metal alloy include lithtum and
a metal selected from Na, K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Si,
Sh, Pb, In, Zn, Ba, Ra, Ge, Al, or Sn, but the lithium metal
alloy 1s not limited thereto.

Examples of the material capable of doping/dedoping
lithium 1include a Si-based compound such as Si, S10,
(0<x<2), a S1—C composite, a S1-Q alloy (wherein Q 1s an
alkali metal, an alkaline-earth metal, Group 13 to 16 e¢le-
ments, a transition element, a rare earth element, or a
combination thereof, and not S1), a S1—C composite, or a
combination thereof; a Sn-based compound such as Sn,
SnO,, a Sn—C composite, a Sn—R alloy (wherein R 1s an
alkali metal, an alkaline-earth metal, Group 13 to 16 ele-
ments, a transition element, a rare earth element, or a
combination thereof, and not Sn), or a combination thereof;
or a combination thereof, but the material capable of doping/
dedoping lithium 1s not limited thereto. At least one of these

materials may be mixed with S10,. The elements Q and R
may be selected from Mg, Ca, Sr, Ba, Ra, Sc, Y, T1, Zr, HI,

Ri, V, Nb, Ta, Db, Cr, Mo, W, Sg, Tc, Re, Bh, Fe, Pb, Ru,
Os, Hs, Rh, Ir, Pd, Pt, Cu, Ag, Au, Zn, Cd, B, Al, Ga, Sn, In,
TI, Ge, P, As, Sb, B1, S, Se, Te, Po, or a combination thereof.

Examples of the transition metal oxide include vanadium
oxide, lithium vanadium oxide, and the like, but the transi-
tion metal oxide 1s not limited thereto.

The binder improves binding properties of negative active
material particles with one another and with a current
collector, and examples thereof may include polyvinyl alco-
hol, carboxylmethyl cellulose, hydroxypropyl cellulose,
polyvinylchloride, carboxylated polyvinylchloride, polyvi-
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nylfluoride, an ethylene oxide-contaiming polymer, polyvi-
nylpyrrolidone, polyurethane, polytetratfluoroethylene, poly-
vinylidene fluoride, polyethylene, polypropylene, a styrene-
butadiene rubber, an acrylated styrene-butadiene rubber, an
epoxy resin, nylon, and the like, but the binder 1s not limited
thereto.

The conductive material improves conductivity of an
clectrode. Any suitable electrically conductive material may
be used as a conductive material, unless it causes a chemaical
change in the rechargeable lithium battery. Examples thereof
may include a carbon-based material such as natural graph-
ite, artificial graphite, carbon black, acetylene black, ketjen
black, a carbon fiber and the like; a metal-based material
such as a metal powder or a metal fiber and the like of
copper, nickel, aluminum, silver, and the like; a conductive
polymer such as a polyphenylene derivative and the like; or
a mixture thereof, but the conductive material 1s not limited
thereto.

The negative electrode 112 and the positive electrode 114
may each be manufactured by mixing the respective active
material, conductive material and binder 1n a solvent to
prepare an active material composition, and coating a cur-
rent collector with the composition.

The electrode manufacturing method should be apparent
to those of skill in the art, and thus, the method i1s not
described 1n more detail here. The solvent can include
N-methylpyrrolidone and the like, but the solvent 1s not
limited thereto.

The electrolyte includes a non-aqueous organic solvent
and a lithium salt.

The non-aqueous organic solvent serves as a medium for
transmitting ions taking part in the electrochemaical reaction
of the rechargeable lithium battery. The non-aqueous
organic solvent may be selected from a carbonate-based,
ester-based, ether-based, ketone-based, alcohol-based, or
aprotic solvent, but the non-aqueous organic solvent i1s not
limited thereto.

The carbonate-based solvent may include, for example,
dimethyl carbonate (DMC), diethyl carbonate (DEC), dipro-
pyl carbonate (DPC), methylpropyl carbonate (MPC), eth-
ylpropyl carbonate (EPC), ethylmethyl carbonate (EMC),
cthylene carbonate (EC), propylene carbonate (PC), buty-
lene carbonate (BC), and the like, but the carbonate-based
solvent 1s not limited thereto.

For example, when linear carbonate compounds and
cyclic carbonate compounds are mixed, an organic solvent
having high dielectric constant and low viscosity may be
provided. In some embodiments, the cyclic carbonate and
the linear carbonate are mixed together 1n a volume ratio of
about 1:1 to about 1:9.

Examples of the ester-based solvent may include
n-methylacetate, n-ethylacetate, n-propylacetate, dimethyl-
acetate, methylpropionate, ethylpropionate, y-butyrolactone,
decanolide, valerolactone, mevalonolactone, caprolactone,
or the like, but the ester-based solvent 1s not limited thereto.
Examples of the ether-based solvent include dibutyl ether,
tetraglyme, diglyme, dimethoxyethane, 2-methyltetrahydro-
furan, tetrahydrofuran, and the like, and examples of the
ketone-based solvent include cyclohexanone, or the like, but
the ether-based and ketone-based solvents are not limited
thereto. Examples of the alcohol-based solvent include ethyl
alcohol, 1sopropyl alcohol, or the like, but the alcohol-based
solvent 1s not limited thereto.

The non-aqueous organic solvent may be used singularly
or 1n a mixture. When the organic solvent 1s used 1n a
mixture, the mixture ratio may be controlled in accordance

with a suitable (or desirable) battery performance.
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The non-aqueous electrolyte may further include an over-
charge ihibitor additive such as ethylenecarbonate, pyro-

carbonate, or the like.

The lithium salt 1s dissolved in the organic solvent,
supplies lithium 1ons 1n the battery, generally facilitates
operation of the rechargeable lithium battery, and improves
lithium 10n transportation between positive and negative
clectrodes therein.

Examples of the lithium salt may include LiPF ., LiBEF,,
LiSbF,, LiAsF., LiN(SO,C,F:),, LiCF,SO;, LiClO,,
L1AlO,, LIAICL,, LIN(C F,,  ,SO,)(C F,,,,SO,)) (where X
and y are natural numbers), L1Cl, Lil, LiB(C,O,), (lithtum
bis(oxalato)borate, L1IBOB), or a combination thereof, as a
supporting electrolytic salt, but the lithium salt 1s not limited
thereto.

The lithium salt may be used (or be present) 1n a con-
centration of about 0.1 M to about 2.0 M. When the lithium
salt 1s included within the above concentration range, an
clectrolyte may have excellent performance and lithium 10n
mobility due to suitable (or optimal) electrolyte conductivity
and viscosity.

The separator 113 may include any suitable materials
generally used 1n a lithium battery as long as the matenals
are capable of separating a negative electrode 112 from a
positive electrode 114 and capable of providing a transport-
ing passage for lithium ions. In other words, the separator
113 may be made of a material having a low resistance to 1on
transportation and an excellent impregnation with respect to
an electrolyte. For example, the material may be selected
from a glass fiber, polyester, TEFLON® (tetrafluoroethyl-
ene; TEFLON® 1s a registered trademark of E. 1. du Pont de
Nemours and Company), polyethylene, polypropylene,
polytetrafluoroethylene (PTFE), or a combination thereof,
but the separator 1s not limited thereto. The separator may
have a form of a non-woven fabric or a woven fabric. For
example, a polyolefin-based polymer separator such as poly-
cthylene, polypropylene or the like 1s mainly used for a
lithium 1on battery. In order to ensure (or provide) heat
resistance or mechanical strength, a coated separator includ-
Ing a ceramic component or a polymer material may be used.
For example, the separator may have a mono-layered or
multi-layered structure.

Hereinafter, embodiments are illustrated in more detail
with reference to examples. These examples, however,
should not 1n any sense be interpreted as limiting the scope
of the present invention.

Furthermore, what 1s not described in this disclosure will
be readily understood by those of skill in the art and,
therefore, will not be described 1n more detail here.

Preparation of Positive Active Material
Example 1

An aqueous solution including NiSO,, with a concentra-
tion of 2.4M, an aqueous solution including CoSO, with a
concentration of 2.4M and an aqueous solution including
MnSO, with a concentration of 2.4M were mixed in order to
obtain a mole ratio of N1:Co:Mn of 56:22:22 1n a resulting
mixture. An NaOH aqueous solution having a concentration
of about 7.5 M and an NH,OH aqueous solution having a
concentration of about 15 M were added thereto to form a
mixture, and the mixture was continuously mixed mn a
co-precipitator. The mixture was co-precipitated at a pH of
11 for 8 hours at 40° C. and at a mixing speed of about 700
rpm to obtamn a (Ni, .Co, ~.Mn, ,,)OH, precursor. The
precursor was washed with water, dried 1n a 120° C. oven,
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filtered, and then, mixed with L1,Co; 1n a mole ratio of about
1:1 by using a mixer. The obtained mixture was put in a
firing container, and fired at a rate of 2° C./min to 890° C.
for about 10 hours to prepare a nickel-based composite
oxide including [1N1, ..Co, ,,Mn, ,,O,.

A Zr salt aqueous solution was prepared by adding
ZrO(NO,),.5H,0 to distilled water to form a mixture and
agitating the mixture at room temperature. A citric acid
solution was prepared by adding a number of moles of citric
acid that 1s twice that of the Zr salt to distilled water to form
a mixture and agitating the mixture. The Zr salt aqueous
solution and the citric acid solution were mixed and agitated
for 20 minutes to prepare a first mixed solution. A number
of moles of ethylene glycol that are the same (or substan-
tially the same) as the number of moles of the first mixed
solution was added to the first mixed solution, and the
resultant mixture was agitated for 20 minutes to prepare a
second mixed solution. The above LiNi, .Co, »,Mn, ,,O,
was added to the second mixed solution including the Zr salt
to form a mixture, and the mixture was agitated at a
temperature of 80° C. until moisture therein was completely
(or substantially completely) evaporated. Herein, 1 part by
mole of the ZrO(NO,),.5H,O was added to the mixture,
based on 100 parts by mole of the LiNi1, ,Co, ,,Mn, ,,0,.
The resultant mixture was heat-treated at 700° C. for 10
hours under an air atmosphere to  prepare
LiNi, < .Co, ,,Mn, ,,O, coated with L1,ZrO; on a surface
thereol as a positive active material. The positive active

material included 99 wt % of LiNi, .Co, ».Mn, ,,O, as a
core and 1 wt % of L1,7rO, as a coating layer.

Example 2

A positive active material was prepared as 1n Example 1
except for using 5 parts by mole of the ZrO(NO,),.5H,O,
based on 100 parts by mole of the LiNi, ,Co, ,.Mn, 5,0,

The positive active material included 95 wt % of
L1iN1, Co, »-Mn, ,,0O, as a core and 5 wt % of L1,7rO, as
a coating layer.

Example 3

A positive active material was prepared as 1n Example 1
except for using ethanol instead of distilled water as a
solvent during preparation of the Zr salt aqueous solution

and citric acid solution. The positive active material
included 99 wt % of LiNi, .Co, ,,Mn, ,,O, as a core and
1 wt % of L1,7rO, as a coating layer.

Example 4

A positive active matenal was prepared as in Example 3
except for using 5 parts by mole of the ZrO(NO,),.5H,O,
based on 100 parts by mole of the LiNi, ,Co, ,,Mn, 5,0,.

The positive active material included 95 wt % of
LiN1, Co, »-Mn, ,,0O, as a core and 5 wt % of L1,7ZrO, as
a coating layer.

Example 5

A positive active material was prepared as 1n Example 1
except for using 0.5 parts by mole of the ZrO(NO,),.5H,O,

based on 100 parts by mole of the LiNi, ,Co, ,.Mn, 5,0,.

The positive active material included 99.5 wt % of
LiNi, Co, »-Mn, ,,0, as a core and 0.5 wt % of L1,7rO,
as a coating layer.
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Example 6

A positive active material was prepared as in Example 1
except for using 1.5 parts by mole of the ZrO(NO,),.5H,O,
based on 100 parts by mole of the LiN1, ..Co, ,,Mn, ,,O,.
The positive active material included 98.5 wt % of

LiNi, .Co, »-Mn, ,,O, as a core and 1.5 wt % of L1,7rO,
as a coating layer.

Example 7
A positive active material was prepared as in Example 1
except for using LiMn,O, instead of the
LiNi, s.Co, »-Mn, ,,0,. The positive active material

included 99 wt % of LiNi, .Co, ,.Mn, 5,0, as a core and
1 wt % of L1,ZrO, as a coating layer.

Comparative Example 1

A positive active maternial was prepared by heat-treating
the L.iN1, ..Co, ,,Mn, ,,O, according to Example 1 at 700°
C. for 10 hours under an air atmosphere.

Comparative Example 2

An aqueous solution including NiSO,, CoSO, and
MnSQO, at a total concentration of about 2.4 M and a mole
ratio of N1:Co:Mn of 56:22:22 was prepared. An NaOH
aqueous solution having a concentration of about 7.5 M and
an NH_,OH aqueous solution having a concentration of about
15 M were added thereto to form a mixture, and the mixture
was continually mixed in a co-precipitator. The mixture was
co-precipitated at a pH of 11 for 8 hours at 40° C. and at a
mixing speed of about 700 rpm to obtan a
(N1, --Co, ~,Mn, ,,)JOH, precursor. The precursor was
washed with water, dried 1n a 120° C. oven, filtered, and
then, mixed with L.1,Co, 1n a mole ratio of about 1:1 by using
a mixer. The obtained mixture was put 1n a firing container
and fired at a rate of 2° C./min to 890° C. for about 30 hours
to prepare a nickel-based composite oxide including
LiN1, .Co, »-Mn, ,,05. The prepared
LiN1, .Co, »-Mn, ,,0, was used as a positive active mate-
rial.

Comparative Example 3

LiMn,O, was used as a positive active material.
Evaluation 1: XRD Measurement of Positive Active Mate-
rial

X-ray diffraction analysis (XRD) of the positive active
materials according to Examples 1 to 4 was measured, and
the results are provided 1n the following FIG. 2.

FIG. 2 1s a graph showing X-ray diflraction analysis
(XRD) of the positive active materials according to
Examples 1 to 4. Reterring to FIG. 2, the positive active
maternals according to Examples 2 and 4 each showed two
main peaks of L1,7ZrO; at about 20.3° and about 42.5°. On
the other hand, the positive active materials according to
Examples 1 and 3 included L1,7rO, 1n a small amount and
thus, showed peaks that were hardly observable with the
naked eye 1 the XRD analysis shown 1n FIG. 2.

The positive active materials according to Examples 2 and
4 showed an 1ntensity ratio of a peak at a 20 value of about
20.3° to another peak at a 20 value of about 42.5° of 2.17
when the ratio was calculated from the XRD graph shown in
FIG. 2.
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Evaluation 2: DSC Measurement of Positive Active Material

DSC (differential scanning calorimetry) of the positive
active materials according to Examples 1, 5, and 6 and
Comparative Examples 1 and 2 was measured, and the
results are shown in FIG. 3.

FIG. 3 1s a graph showing DSC curves of the positive
active materials according to Examples 1, 5, and 6 and
Comparative Examples 1 to 3.

Referring to FIG. 3, Examples 1, 35, and 6, which included
a nickel-based composite oxide coated with L1,7rO, as a
positive active material, showed a main exothermic peak
shifted toward a higher temperature and thus, exhibited
sharply improved thermal safety as compared with Com-
parative Examples 1 and 2, which included a nickel-based
composite oxide that was not coated with L1,ZrOs;,.
Evaluation 3: Transmission Electron Microscope (TEM)

Analysis

FIG. 4 1s a series of transmission electron microscope
(TEM) photographs showing the positive active material
according to Example 5.

Referring to FIG. 4, L1,7ZrO, was 1dentified in the TEM
photographs of the positive active material according to
Example 5.

For example, B 1n FIG. 4 indicates (or corresponds to) a
core part, and A 1n FIG. 4 indicates (or corresponds to) a
boundary between the core and a coating layer. A structural
analysis of A and B using a FFT (a fast fourier transform)
identifies a L1,7ZrO, phase, as shown i A, and a layered
structure 1n which atoms were arranged 1n a straight line, as
shown 1n B.

Manufacture of Rechargeable Lithium Battery Cell

96 wt % of each positive active material according to
Examples 1 to 7 and Comparative Examples 1 to 3, 2 wt %
of polyvinylidene fluoride (PVDF), and 2 wt % of acetylene
black were mixed, and the mixture was dispersed nto
N-methyl-2-pyrrolidone to prepare a slurry. Subsequently,
the slurry was coated on a 10 um-thick aluminum foil, dried
at 135° C. for 3 hours, and compressed to manufacture a
positive electrode.

The positive electrode and lithium metal as a counter
clectrode were used to manufacture a coin-type hali-cell.
Herein, an electrolyte was prepared by dissolving 1.3M
L1PF, 1n a mixed solution of ethylene carbonate (EC)/
cthylmethyl carbonate (EMC)/diethyl carbonate (DEC) (at a
volume ratio of 3:3:4).

Evaluation 4: Cycle-Life Characteristic of Rechargeable
Lithium Battery Cell

Cycle-life characteristic of each rechargeable lithium bat-
tery cell manufactured by respectively using the positive
active materials according to Examples 1, 5, and 6 and
Comparative Example 1, and the positive active materials
according to Example 7 and Comparative Example 3 was
evaluated, and the results are provided in FIGS. 5 and 6,
respectively.

The rechargeable lithium battery cells were charged and
discharged at 0.1 C of current density in the first cycle. A
cut-oil voltage was 4.3 V during the charge, and a cut-off
voltage was 3.0 V during the discharge of the first cycle.
Then, the rechargeable lithium battery cells were charged
and discharged by sequentially applying current density of
0.2 C, 0.5 C, and 1 C thereto from the second cycle. After
the first cycle, a cut-oil voltage was 4.3 V during the charge,
and a cut-ofl voltage was 3.0 V during the discharge. Then,
the cells were charged and discharged at 1 C, and a cycle-life
curved line of the cells was examined.

FIG. 5 1s a graph showing cycle-life characteristics of the
rechargeable lithium battery cells according to Examples 1,
5, and 6 and Comparative Example 1.
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Referring to FIG. 5, Examples 1, 5, and 6, which include
a nickel-based composite oxide coated with L1,7rO, as a
positive active material showed excellent cycle-life charac-
teristics compared with Comparative Example 1, which
included a nickel-based composite oxide that was not coated
with L1,7r0;.

FIG. 6 1s a graph showing cycle-life characteristics of the
rechargeable lithium battery cells according to Example 7
and Comparative Example 3.

Referring to FI1G. 6, Example 7, which included a lithium
manganese oxide coated with L1,ZrO, as a positive active
material, showed excellent cycle-life characteristic as com-
pared with Comparative Example 3, which included a
lithtum manganese oxide that was not coated with L1,7r0O,.

While this disclosure has been described in connection
with what 1s presently considered to be practical embodi-
ments, 1t 1s to be understood that the invention 1s not limited
to the disclosed embodiments, but, on the contrary, i1s
intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims, and equivalents thereof.

What 1s claimed 1s:
1. A positive active material for a rechargeable lithium
battery, comprising:

a core comprising a nickel-based composite oxide repre-
sented by Chemical Formula 1; and

a coating layer on a surface of the core and comprising a
lithium metal oxide represented by Chemical Formula
3,

wherein the lithium metal oxide represented by Chemaical
Formula 3 on the surface of the core has a peak at a 20
value of 20° to about 22° and another peak at a 20 value
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of about 40° to about 45° 1n an X-ray diflraction pattern
using a CuKa ray:

LiNL,Co,Mn, , O, Chemical For-

mula 1

wherein 0.56=x=<0.8, and 0.1=y=0.8, and

Li1,MO, Chemical For-

mula 3

wherein the nickel-based composite oxide represented by

Chemical Formula 1 comprises Mn,
wherein M 1s Zr,
wherein the positive active material has an exothermic

main peak 1n a range of 300° C. to 311° C. as measured
by differential scanning calorimetry,

wherein the positive active material has an intensity ratio

of the peak at a 28 value of 20° to about 22° to the other
peak at a 20 value of about 40° to about 45° of about
2.0 to about 3.0, and

wherein the positive active maternial 1s formed using a

sol-gel method.

2. The positive active material of claim 1, wherein the
positive active material has an intensity ratio of the peak at
a 20 value of about 20° to about 22° to the other peak at a
20 value of about 40° to about 45° of about 2.0 to about 2.5.

3. The positive active material of claim 1, wherein the
positive active material comprises about 98.5 wt % to about
99.9 wt % of the core.

4. The positive active material of claim 1, wherein the
positive active material comprises about 0.1 wt % to about
1.5 wt % of the coating layer.

5. A rechargeable lithium battery comprising

a positive electrode comprising the positive active mate-

rial according to claim 1;

a negative electrode; and

an electrolyte.
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